In contrast to adult cutaneous wound repair, early gestational fetal cutaneous wounds heal by a process of regeneration, resulting in little or no scarring. Previous studies indicate that downregulation of HoxB13, a member of the highly conserved family of Hox transcription factors, occurs during fetal scarless wound healing. No down-regulation was noted in adult wounds. Here, we evaluate healing of adult cutaneous wounds in Hoxb13 knockout (KO) mice, hypothesizing that loss of Hoxb13 in adult skin should result in enhanced wound healing. Tensiometry was used to measure the tensile strength of incisional wounds over a 60-day time course; overall, Hoxb13 KO wounds are significantly stronger than wild-type (WT). Histological evaluation of incisional wounds shows that 7-day-old Hoxb13 KO wounds are significantly smaller and that 60-day-old Hoxb13 KO wounds exhibit a more normal collagen architecture compared with WT wounds. We also find that excisional wounds close at a faster rate in Hoxb13 KO mice. Biochemical and histochemcial analyses show that Hoxb13 KO skin contains significantly elevated levels of hyaluronan. Because higher levels of hyaluronan and enhanced wound healing are characteristics of fetal skin, we conclude that loss of Hoxb13 produces a more "fetal-like" state in adult skin.
wounds made early in gestation heal by a process of regeneration, in which the epidermal and dermal layers are perfectly reconstituted without scar formation (1, 2) . There are several notable contrasts in the course of fetal vs. adult wound healing. Fetal wounds close faster, show little or no inflammatory response (3), and exhibit a different profile of cytokine/growth factor expression, with generally lower levels (4) . Two additional important factors implicated in fetal scarless wound healing are the degree of cellular differentiation and higher levels of hyaluronan (HA) present in fetal skin and fetal cutaneous wounds (5) . HA, a large molecular weight glycosaminoglycan of repeating N-acetyl glucosamine-glucuronic acid disaccharides, is a spacefilling molecule and organizer of extracellular matrices. HA is also thought to inhibit differentiation (6, 7) and to promote cellular migration and proliferation (8) .
Although little is known about the transcriptional regulation of skin biogenesis, renewal, or repair/regeneration, the evolutionarily conserved families of Hox transcription factors are attractive candidates. Hox protein activity is essential during embryogenesis for the differentiation and specification of cell fate along the body axes (9, 10) . Hox genes have also been implicated as important factors in limb regeneration (11, 12) , and several lines of evidence suggest that Hox genes are critical for directing differentiation during organogenesis (13) (14) (15) . In mice and humans, there are 39 Hox genes arranged in four linkage groups (a-d in mice, A-D in humans) on separate chromosomes thought to have arisen from a single ancestral cluster through two duplication events (16) . Based on sequence similarity and location within a linkage group, Hox genes have been assigned to 13 paralogous groups (17) . Paralogous genes generally have overlapping patterns of expression (9) and often, but not always, demonstrate functional equivalency.
Several Hox genes are expressed in mouse and human fetal and adult skin (18) (19) (20) (21) (22) (23) . With the singular exception of Hoxc13 (a paralog of Hoxb13), whose loss in mice produces a fragile hair phenotype (19) , little is known about the functional roles of Hox genes in skin biogenesis or restoration. Previous studies identified HoxB13 in both developing and mature human skin, with HoxB13 being the predominate Hox gene expressed in primary fibroblast cultures from second trimester skin (24) . Subsequent wound healing studies using second trimester fetal skin (which heals without a scar) and human adult skin demonstrated that HoxB13 is differentially expressed in fetal vs. adult wounds. Interestingly, HoxB13 expression was significantly down-regulated in fetal wounds compared with unwounded controls. In contrast, there was no significant change in HoxB13 expression in adult wounds compared with unwounded controls. Together, these results suggest that down-regulation of HoxB13 expression may be necessary for fetal scarless wound healing. It also raises the interesting possibility that reducing or eliminating HoxB13 from adult skin could improve wound healing.
To investigate this possibility, we studied cutaneous excisional and incisional wound healing in adult Hoxb13 knockout (KO) mice. We found that Hoxb13 KO wounds exhibit several characteristics of early gestational fetal wounds, including faster closure, increased tensile strength, and less dermal scarring when compared with wounds from their wild-type (WT) counterparts. Biochemical evaluation revealed that levels of epidermal and dermal HA are significantly higher in unwounded adult Hoxb13 KO skin compared with WT skin. Based on these results, we postulate that Hoxb13 in adult skin promotes differentiation, whereas its absence creates a more fetal-like environment, and that one consequence of this fetal-like state is enhanced wound healing.
MATERIALS AND METHODS

RNA/cDNA preparation for reverse transcriptase-polymerase chain reaction (RT-PCR)
Full-thickness skin was harvested from the dorsal back of 8-to 16-wk-old C57BL/6 mice (henceforth referred to as WT). Specimens ~5 mm 2 were digested with dispase (5 mg/ml in Dulbecco's modified Eagle's medium [DMEM] ) overnight at 4°C. The epidermal and dermal layers were separated, and the individual layers were flash frozen in liquid nitrogen. Total mRNA was isolated and purified using the RNAqueous-4PCR kit and protocol (Ambion, Austin, TX) with the following modification. Before being passed through the filtered column, the dermal preparation was subjected to a phenol-chloroform extraction to remove collagen and thereby alleviate column plugging.
Mouse neonatal keratinocytes were obtained from the Cell Culture Core Facility (Department of Dermatology, Yale School of Medicine, New Haven, CT). Cells were thawed and plated in 50% fibroblast-conditioned medium (MEM, 8% fetal bovine serum [FBS], 0.6 mM CaCl 2 ) and 50% EMEM (8% chelexed FBS, 0.06 mM CaCl 2 ) with antibiotics/antimycotics. At confluence, the total RNA was isolated and purified as above, with the exception of the phenol-chloroform extraction.
Skin was excised from 3-day-old WT mouse neonates, immersed in high-glucose DMEM containing10% FBS and antibiotics/fungizone, surface sterilized in 70% ethanol, dissected into ~5-mm 2 sections, and digested in dispase in DMEM (5 mg/ml) overnight at 4°C. The dermis was then separated from epidermis and digested with collagenase (1 mg/ml in DMEM) overnight at 37°C with gentle shaking. The digested dermal preparation was passed through an 18-gauge syringe and centrifuged at 800g for 2 min. The pellet was washed in PBS, repelleted, and then resuspended in DMEM. Cells were plated at a concentration of 1.0 × 10 6 /25-cm 2 flask, grown to confluence, and trypsinized, and total RNA was isolated and purified as above. Total RNA samples from tissue and cells were reverse transcribed using the RETROscript kit and protocol (Ambion).
RT-PCR for Hoxb13
For detection of Hoxb13 mRNA in tissue and cell preparations, the following primer pair was used. Forward (5′ to 3′)-CTCCAGCTCCTGTGCCTTAT; reverse (5′ to 3′)-CATACCAGCCTATGGCCAGT. The expected product is 206 bp. The cycling program was as follows: 94°C 15 s; 60°C 15 s; 72°C 30 s × 30-40 cycles. The PCR product was verified by sequencing. The murine Hoxb13 gene has only one intron located just 5′ of the homeobox. It was not possible to design unique primers that span the intron. All cDNA preps were first checked for genomic contamination by using intron-spanning primers for collagen IX: forward (5′ to 3′)-GCAAGGAAGCCAGTGAACAG; reverse (5′ to 3′)-TAAGGGCTTCCTCAGGTGTG.
Hoxb13 antibody production and immunohistochemistry
Rabbit anti-Hoxb13 antibody was generated against the N-terminal (amino acids 1-79) portion of mouse Hoxb13. This antibody should recognize both the WT and knockout Hoxb13 protein.
The latter is a truncated protein that stops at amino acid 33 of the homeodomain (25) . Before use, the antisera was positively affinity purified followed by negative affinity purification against mouse Hoxc13 and chicken Hoxd13 to eliminate possible cross-reactivity with the other Hox13 proteins. For antibody staining, paraformaldehyde-fixed adult WT and Hoxb13 KO skin samples were processed, embedded in paraffin, sectioned (6 µm), and baked overnight at 55°. Before they were stained, skin sections were treated with 3% H 2 O 2 to eliminate endogenous peroxidase activity and were blocked with 4% BSA, O.5% fish gelatin, and 0.1% Tween 20 in TBS. Sections were incubated with rabbit anti-Hoxb13 (1:100) and a donkey anti-rabbit IgG (Fab fragment) secondary conjugated to peroxidase (Jackson Immunoresearch Laboratories, West Grove, PA). Signals were amplified with biotinylated tyramide (DAKO, Carpinteria, CA), detected with ABC-HRP and DAB (Vector Laboratories, Burlingame, CA), and counterstained with hematoxylin. Primary antibody was omitted from the negative controls. Staining was viewed using a Leica DMLB microscope, and images were captured using an Optronics DEI-750D Digital System (Goleta, CA). Composite images were prepared using Adobe Photoshop 5.5.
Wounding protocols
The University of Miami IACUC approved all animal procedures. At the time of this study, Hoxb13 KO mice had been backcrossed to WT mice a minimum of six times. Adult mice, 8-to16-wk old, were anesthetized with a 0.04-ml IM injection of a general anesthetic cocktail (ketamine 100 mg/ml; xylazine 20 mg/ml; acepromazine 10 mg/ml), and the upper dorsal back was shaved and disinfected with 70% alcohol. Each animal then received either a 1.5-cm fullthickness skin incisional wound that was closed with interrupted 6.0 nylon suture or a 6-mmdiameter full-thickness excisional wound left open to the air. All wounds were midline and made in the same location on the upper dorsal back. Wounded animals were housed in individual cages for the duration of the study or until the wound was adequately healed. All animals were killed at the time of tissue collection.
At days 3, 5, 7, 14, 21, 30, and 60 postwounding (n=10 each for WT and Hoxb13 KO at each time point), the wound plus surrounding tissue was harvested and fixed overnight in 4% paraformaldehyde in phosphate-buffered saline (PBS) in preparation for histological, immunohistochemical, and tensiometrical analyses.
At days 0, 1, 3, 5, 7, 10, and 14 postwounding (n=10 each WT and Hoxb13 KO), the wound edges were traced onto clear acetate paper. By day 14, most of the wounds had closed. The wound area at each time point was calculated using the Scion Imaging Program for Windows (Scion Corp., Frederick, MD).
Histological and HA analysis
Paraformaldehyde-fixed skin samples were processed, embedded in paraffin, and sectioned (6 µm). Slides were baked overnight at 55°C and stained with hematoxylin and eosin or Masson's trichrome for collagen, using standard protocols. For HA detection, skin sections were blocked in 2% FBS, incubated with biotinylated HA binding protein (bHABP, 1 µg/ml in PBS; Associates of Cape Cod, Inc., Falmouth, MA) overnight at 4°C, rinsed in PBS, incubated with Cy-3-streptavidin (1:500; Jackson Immunoresearch Laboratories) for 30 min at room temperature, rinsed in PBS, and mounted as previously described. As a negative control, tissue was incubated in PBS alone. Immunofluoresence was viewed using a Leica DMLB microscope and images captured using an Optronics DEI-750D Digital System. Composite images were prepared using Adobe Photoshop 5.5.
Quantification of collagen content
Collagen content was determined by measuring hydroxyproline contents of samples as previously described (26) . In brief, full-thickness dorsal skin samples (≈16 mg) harvested from 8-to 16-wk-old adult mice (n=6 each for WT and Hoxb13 KO) were lyophilized overnight and hydrolyzed in 6 N HCl for 18 h at 110°C (use enough to cover the tissue), and the pH was then adjusted to between 6 and 7 with NaOH. The samples were diluted to 5 ml with H 2 O and filtered using Whatman filter paper. The following solutions were added successively to 1.0 ml of each sample: chloramine T solution (1.0 ml, 0.05 M, room temperature for 20 min), perchloric acid (1.0 ml, 3.15 M, room temperature for 5 min), and 20% p-dimethylaminobenzaldehyde (1.0 ml). The samples were incubated at 60°C for 20 min and cooled to room temperature. Absorbances were read at a wavelength of 557.5 nm, and hydroxyproline concentrations were determined using a standard curve. The following calculation was used to determine collagen content: µg of hydroxyproline × 7.46 = µg of collagen. Values are reported as µg/mg dry wieght.
Fluorophore-assisted carbohydrate analysis (FACE)
FACE was done as described previously (27, 28) . Full-thickness skin samples (≈35 mg) from the upper dorsal back (n=2 each for WT and Hoxb13 KO) were minced, placed in 1.0 ml of 100 mM ammonium acetate buffer (pH 7.0), and digested with 50 µl of proteinase K (2.5 mg/ml) in a 60°C water bath for 4 h. A fresh 50-µl aliquot of proteinase K was added after 2 h of incubation. Following incubation, samples were centrifuged to pellet debris, and the supernatant was transferred to fresh tubes and concentrated to a volume of 300 µl in a refrigerated vacuum concentrator. Samples were then ethanol precipitated (3× volume of ethanol) overnight at -20°C and centrifuged. The pellets were vacuum dried, reprecipitated in ethanol for 2 h at -20°C, centrifuged, and again vacuum dried. The pellets were dissolved in 310 µl of 100 mM ammonium acetate buffer, and a 100-µl aliquot of each sample was digested with hyaluronidase SD for 4 h and chondroitinase ABC for 3 h at 37°C. Digested samples were then frozen on dry ice and dried in a refrigerated vacuum concentrator. Disaccharides were fluorotagged by the sequential addition of the following: 40 µl of 0.0125 M 2-aminoacridone (AMAC, Molecular Probes, Eugene, OR) in acetic acid/DMSO (3:17 v/v, room temperature for 15 min) and 40 µl of 1.25 M sodium cyanoborohydride (16 h at 37°C). After cooling to room temperature, 20 µl of glycerol were added to each sample. Electrophoresis was done at a temperature of not greater than 10°C using MONO composite gels (Glyko, Novato, CA) and MONO gel running buffer. Gels were illuminated with UV light (365 nm), using an Ultra Lum Transilluminator, and imaged using a Quantix cooled CCD camera from Roper Scientific/Photometrics. Images were analyzed using the Gel-Pro Analyzer program version 3.0 from Media Cybernetics (Des Moines, IA).
Tensiometry
For this study, the incisional wound plus surrounding skin was carefully excised and the tissue was fixed in 4% paraformaldehyde overnight. All tissue was fixed for the same time, and tensiometry at all time points was conducted the day after wound collection. Before tensiometric analysis, samples were carefully cut to a uniform length and width, and the thickness of the skin at the wound site was determined. Tensiometry studies were conducted using an Instron testing system. Results are reported as Y-modulus. The Y-modulus is derived by calculating stress/strain and is representative of the overall wound strength. Stress is the amount of force required to break the wound apart/cross-sectional area of the wound. Strain is the original length of the sample/length at breaking. The raw strain values and cross-sectional areas did not vary significantly at any time point postwounding between WT and Hoxb13 KO wounds (data not shown). Thus, the differences in the Y-modulus values were primarily due to the force component of the stress value.
Microarray analysis
Total RNA was isolated from midline dorsal full-thickness skin sections from 10-wk-old Hoxb13 KO and WT mice and sent to the Cleveland Clinic Foundation Core Facility (Cleveland, OH) for labeling and hybridization. In brief, RNA from three animals of the same genotype was combined, followed by cDNA synthesis and in vitro transcription to yield biotin-labeled cRNAs for hybridization. We used the first array (MG-U74A) in the Murine Genome U74 Array set from Affymetrix (Santa Clara, CA). Affymetrix Microarray Suite Version 5.0 was used for statistical analysis. Two independent array analyses were performed. A twofold difference in expression of any single gene was used as a cut-off to indicate significance based on the average of the two array values.
RESULTS
Hoxb13 is expressed in murine skin
Although it has been reported that HoxB13 is expressed in human skin (24), Hoxb13 expression in murine skin had not been previously evaluated. By RT-PCR, we detect Hoxb13 mRNA in both the epidermal and dermal layers of the skin (Fig. 1A) and in primary cultures of keratinocytes or fibroblasts derived from mouse skin (Fig. 1B, 1C) . Using an affinity-purified antibody against mouse Hoxb13 along with a tyramide signal amplification system (see Materials and Methods), we detect light staining in the epidermal cells of adult unwounded skin (Fig. 1D ) and more intense epidermal staining in the wounded region of the same section (Fig.  1E) . The staining appears to be both nuclear (black arrowheads; arrows) and cytoplasmic. We also detect staining in the epithelial cells of the hair follicle and light staining in the dermal fibroblasts (data not shown). Together, these results indicate that Hoxb13 is expressed in both the epidermal and dermal layers of the skin and suggest a functional role for Hoxb13 in both layers.
Hoxb13 KO adult skin has a significantly thicker dermal layer
Hoxb13 KO mice are healthy and fertile, with no apparent visible skin abnormalities. However, a close examination of hematoxylin and eosin-stained Hoxb13 KO and WT adult full-thickness skin sections revealed that Hoxb13 KO dermis (Fig. 2B ) was significantly thicker than WT dermis ( Fig. 2A) . Whereas the overall thickness of the skin does not vary (data not shown), Hoxb13 KO dermis often replaces much of the underlying fat layer (see Fig. 2A, red arrow) . Collagen is the primary component of the dermis. We postulated that the increased thickness of Hoxb13 KO dermis could be due to increased collagen content. To test this, we used a standard protocol (see Materials and Methods) to quantify collagen. Interestingly, there was no significant difference in the amount of collagen between Hoxb13 KO and WT dermis (154 ± 9 µg/mg dry weight vs. 155 ± 52 µg/mg dry weight, respectively). Although the Hoxb13 KO epidermis also appears thicker in Figure 2 (cf. Fig. 2B to Fig. 2A), we have not yet detected any significant difference in epidermal thickness between WT and Hoxb13 KO mice (data not shown).
Hoxb13 KO skin contains higher levels of HA
We then asked whether a higher HA content in Hoxb13 KO skin could account for the thicker dermal phenotype by increasing the extracellular volume of the dermis. Adult full-thickness skin sections were stained with a biotinylated hyaluronan binding protein (bHABP) (Fig. 2C, 2D ). There was a very large difference in staining intensity in the epidermal layer, indicating a significantly higher level of HA in Hoxb13 KO epidermis (Fig. 2D ) compared with WT epidermis (Fig. 2C) . The intensity of staining in the dermis was very high in both Hoxb13 KO and WT skin, so we could not evaluate dermal HA content by using this technique. Therefore, we measured HA in full-thickness skin samples by using fluorophore-assisted carbohydrate electrophoresis (FACE, see Materials and Methods) (Fig. 2E) . The intensities of the Hoxb13 KO HA cleavage product bands were approximately double those of the WT bands. Because the epidermis contributes very little mass relative to the dermis, this indicates much higher levels of HA in Hoxb13 KO dermis. The selectivity for HA is clearly demonstrated because the digestion products from chondroitin sulfate/dermatan sulfate (as well as the total collagen content) are not significantly different between the WT and Hoxb13 KO samples (Fig. 2E ).
Hoxb13 KO adult excisional wounds close faster than WT excisional wounds
To initially assess wound healing in Hoxb13 KO adult mice, we made full-thickness excisional wounds on the upper midline back of Hoxb13 KO and WT mice (n=10 each for WT and Hoxb13 KO) and determined the rate of closure over several time points postwounding. The results are shown in Figure 3 . Overall, the rate of closure of Hoxb13 KO excisional wounds was significantly greater than that of WT excisional wounds (P<0.05, ANOVA). Of the individual time points, the difference in the closure rate at day 1 postwounding was most striking (P<0.01, Student's t test).
Hoxb13 KO incisional wounds exhibit enhanced healing
In addition to the kinetics of wound closure, a histological comparison of incisional wounds revealed that healing in Hoxb13 KO wounds appeared more advanced. Figures 4A and 4B show full-thickness hematoxylin and eosin-stained adult sections from skin harvested 7 days after wounding. The epidermis is oriented toward the top, and the healing incisional wound is located inside the area enclosed by the black line (see white arrows). We were struck by the ease with which we could identify the location of the 7-day-old incision in WT skin (Fig. 4A ) compared with Hoxb13 KO skin (Fig. 4B) . The dermal integrity of Hoxb13 KO wounds appeared better restored than in WT wounds. To determine whether there was a significant difference in wound size, we calculated the average wound area of the 7-day-old incisions. The average area of the WT wound was significantly greater (0.23±0. 16 
Collagen is reconstituted in a more normal pattern in Hoxb13 KO wounds
To evaluate collagen remodeling in Hoxb13 KO and WT wounds, we stained full-thickness skin containing 60-day-old wounded tissue plus surrounding unwounded tissue with Masson's trichrome for collagen. Figure 4 shows unwounded and remodeled WT dermis (Fig. 4C, 4C' ) and unwounded and remodeled Hoxb13 KO (Fig. 4D, 4D ') dermis. In unwounded dermis (Fig. 4C,  4D ), collagen appears loose and reticulate. In the WT wound (Fig. 4C') , the collagen is arranged in dense parallel bundles typical of adult scar tissue. In the Hoxb13 KO wound (Fig. 4D') , the collagen aggregation is looser and more reticulate, resembling that of unwounded skin, indicating that collagen remodeling in Hoxb13 KO wounds is reconstituting a more normal dermal architecture. The restoration of a more normal collagen pattern in healed Hoxb13 KO wounds was a consistent finding. In a blind study, three independent investigators correctly identified the genotype of day 60 postwound healed dermis 83.3% of the time (35 of 42; the sample set consisted of 7 WT and 7 Hoxb13 KO wounds; data not shown).
Expression levels of several epidermal differentiation markers are significantly reduced in Hoxb13 KO adult skin
Microarray analysis of gene expression in adult WT and Hoxb13 KO whole skin revealed that the expression levels of several epidermal differentiation markers were significantly reduced in unwounded Hoxb13 KO adult skin compared with unwounded WT adult skin. Examples are shown in Table 1 . Often, these genes fell into functional categories encoding such products as keratin-associated proteins (KAPs) and cell junction proteins. In addition, the expression of several genes involved in terminal differentiation of the stratum corneum were also significantly reduced in Hoxb13 KO skin. Included among these are caspase-14 (29-31), a keratinocytespecific member of the caspase family of proapoptotic proteases, and Sprr1b (32), a member of the small proline-rich protein family and structural component of the corneal envelope.
DISCUSSION
Inadequate wound healing and/or scarring can result in major clinical problems profoundly affecting structure, function, and quality of life. Therefore, any potential avenues leading to improved healing and reduced scarring would be of great benefit. In this study, we show that loss of Hoxb13 function in adult mouse skin results in enhanced cutaneous wound healing as demonstrated by faster wound closure, increased tensile strength, and the reconstitution of a more normal dermal architecture. We also show that levels of HA, implicated as an important factor in fetal scarless healing, are higher in both the epidermal and dermal layers of Hoxb13 KO adult skin. Based on the implied biological functions of HA, the wound healing results can be attributed in part to the higher levels of HA present in Hoxb13 KO skin.
It has long been known that the extracellular matrix is enriched in HA coincident with episodes of rapid cellular migration and proliferation. HA is believed to stimulate these processes by creating a low-resistance, hydrated matrix that removes cells from contact inhibition and restricted mobility (33) . It is also thought to regulate cell behavior via its interaction with CD44 (34), the principle HA cell-surface receptor (35) . During the earliest phase of wound healing, reepithelialization of a wound begins within hours after injury. Initially, this is characterized by epidermal cell migration. One or two days after injury, epidermal cells at the wound margin begin to proliferate. During the repair of full-thickness excisional wounds, the epidermis heals from the outside, while the dermis heals from the bottom up. Our excisional wound healing study as performed was a measure of epithelial closure.
The most significant result comparing epidermal closure rates between Hoxb13 KO and WT excisional wounds occurred in the first 24 h after wounding (Fig. 3) . At day 1 postwounding, the average Hoxb13 KO wound size was >20% smaller than the average WT wound size. One explanation for this result is that Hoxb13 KO epidermis, already enriched in HA at the time of wounding, provides an environment immediately favorable for early and rapid keratinocyte migration. This hypothesis is supported by in vitro studies. HA is synthesized by one or more hyaluronan synthases (HAS1, HAS2, and/or HAS3) (36) . HAS2-transfected rat 3Y1 fibroblasts accumulating abnormally high levels of HA as a result of HAS2 overexpression demonstrated enhanced motility in scratch wound assays (37) . Conversely, a rat keratinocyte cell line overexpressing antisense HAS2 with concurrent loss of HA resulted in reduced migration in scratch wounds (38) .
After day 1 postwounding, the epidermal closure rates of Hoxb13 KO and WT wounds were closely matched (Fig. 3) until day 14, when wound closure was almost complete. By day 3 postwounding, HA levels are very high in both Hoxb13 KO and WT reepithelializing epidermis as visualized by staining with bHABP (data not shown). Studies by others indicate that in normal wounds, HA levels remain transiently elevated until about day 14 postwounding (5). The similar closure rate seen after day 1 postwounding is most likely due to keratinocyte proliferation progressing at a similar rate in both Hoxb13 KO and WT wounds. This may be due to the fact that during this time, HA levels are high in both Hoxb13 KO and WT wounds.
In addition to the high levels of HA present in fetal skin wounds, another major hallmark of fetal wounds that heal without a scar is the lack of an inflammatory response (2) . In a preliminary analysis of the inflammatory response in WT and Hoxb13 KO wounds, we did not detect any major differences (data not shown).
Reconstitution of prewound collagen (dermal) architecture is another hallmark of fetal scarless wound healing. During normal skin repair following injury, collagen accumulates at the wound site until approximately day 21 postwounding. After this time, equilibrium is reached between collagen synthesis and degradation, and the complex process of collagen remodeling begins, characterized primarily by the organization of collagen molecules into fibrils that are ultimately stabilized by intricate intermolecular cross-links. Collagen remodeling continues up until approximately day 100 postwounding, and the success of collagen remodeling is a primary determinant of tensile strength in healed wounds. Generally, adult healed cutaneous wounds attain only 70-80% of the tensile strength of unwounded skin (39) . Our results are consistent with this, as demonstrated by the average tensile strength of WT 60-day old wounds compared with unwounded WT skin (Fig. 5) . In sharp contrast, the average tensile strength of 60-day-old Hoxb13 KO incisional wounds was comparable to that of unwounded Hoxb13 KO skin. We believe this can be explained by our observation that in Hoxb13 KO day 60 wounds, collagen is organized in a more normal reticular pattern as opposed to the scarred pattern of WT wounds (Fig. 4) .
It has been suggested that a high and persistent HA concentration in the fetal wound may influence the nature of the collagen fibrils formed, thus resulting in a prewound pattern of collagen deposition. This hypothesis is supported by recent studies. Using a rabbit model, Sonoda et al. (40, 41) determined that HA-treated injured menisci had a significantly higher ratio of reducible collagen cross-links than untreated injured menisci, indicating a greater level of collagen remodeling in the HA-treated tissue. In addition, treatment of synovium with hyaluronidase, an enzyme that degrades HA, significantly reduced interfibrillar spacing and fibril cross-sectional diameter, indicating that HA chains have a major organizational role within collagen bundles (42) . Based on these observations, we speculate that the attainment of a more normal dermal architecture in Hoxb13 KO wounds is in part due to the persistently higher levels of HA present in Hoxb13 KO adult dermis throughout the remodeling process.
In our histological evaluations of unwounded skin, we determined that the fat layer normally present in adult skin was often replaced by dermal tissue in Hoxb13 KO adult skin (Fig. 1A, 1B) . We speculate that the higher levels of HA present in Hoxb13 KO dermis may be responsible for the thicker dermal phenotype. It is also possible that Hoxb13 plays an important role in adipocyte biology. Several Hox genes are expressed in adipocytes where they may play an important role during adipogenesis (43) . We don't know yet whether Hoxb13 is expressed in skin adipocytes, but the possibility remains that the expanded dermis in Hoxb13 KO skin may be a secondary effect of failure of the adipocytes to develop.
HA is normally synthesized by keratinocytes and fibroblasts. Our results argue that one function of Hoxb13 is to down-regulate HA production in both of these cell types. There are several possible mechanisms by which this might be accomplished. Hoxb13 could directly suppress the expression of one or more of the HAS genes or, conversely, directly activate the expression of one or more the hyaluronidase genes (four have been identified in mice: Hyal-1, Hyal-2, Hyal-3, and PH-20) (44). Alternatively, Hoxb13 may influence HA levels indirectly by regulating the expression of genes upstream of the HA metabolic pathways.
Based on the higher levels of HA in Hoxb13 KO adult skin, we speculate that one biological role for Hoxb13 in adult skin is to promote differentiation during epidermal renewal by keeping levels of HA low. We therefore find it intriguing that Hoxb13 expression is up-regulated in the region of day 14 wounded epidermis compared with unwounded epidermis. We hypothesize that this up-regulation is coincident with a slowing of proliferation and vigorous differentiation at the wound site. Our initial array results also support a role for Hoxb13 in promoting epidermal differentiation in unwounded skin. If true, then there are other molecules involved, as loss of Hoxb13 alone does not appear to affect the overall integrity or health of the skin. However, our results suggest that eliminating Hoxb13 in adult skin changes its differentiation status in such a way as to promote enhanced wound healing. The fact that eliminating Hoxb13 does not appear to harm skin while improving wound repair identifies Hoxb13 as an ideal clinical target in situations of impaired healing. Hoxb13 antibody staining in adult WT unwounded skin (D) and in the adjacent 14-day-old incisional wound of the same section (E). Staining is seen in both the basal and suprabasal layers of the epidermis. The intensity of stain is much stronger in the newly repaired epidermis (E) compared with unwounded epidermis (D). Whereas some basal keratinocytes show weak nuclear staining (D, E; arrowheads), the expression of Hoxb13 is much stronger in the nuclei of keratinocytes in the differentiated layers (E; arrows). Dotted line, dermal-epidermal junction. Anatomic layers of the epidermis: sb, stratum basale; ss, stratum spinosum; sg, stratum granulosum, sc, stratum corneum. In the absence of primary antibody, the controls were negative for stain (data not shown).
Fig. 2
Figure 2. Hoxb13 KO dermis is significantly thicker than WT dermis. Hematoxylin and eosin-stained full-thickness skin sections from WT (A) and Hoxb13 KO (B) 10-wk-old skin. Vertical arrows span the dermis. Note the thicker dermis in the Hoxb13 KO section. Dermal thickness was measured at five different points along the length of WT and Hoxb13 KO skin sections (n=15 for WT; n=16 for Hoxb13 KO) from 10-wk-old adults. The average thickness of Hoxb13 KO dermis (346 ± 150 µm) was significantly greater than that of WT dermis (236 ± 81 µm; P<0.02; Student's t test). HA levels are higher in both the epidermal and dermal layers of Hoxb13 KO adult skin. Full-thickness adult WT (C) and Hoxb13 KO (D) skin sections stained for HA. The epidermis is oriented toward the top and outlined with white dotted and dashed lines. E) FACE analysis. Fluorescently labeled HA disaccharides (white arrow) from WT (lanes 1 and 2) and Hoxb13 KO (lanes 3 and 4) . The lower bands in lanes 1-4 are fluorescently labeled chondroitin sulfate (CS)/dermatan sulfate (DS) disaccharides from the same animals. (Digestion with condroitinase ABC yields CS and DS disacharrides with identical migratory rates.) HA intensities were normalized against CS/DS intensities as determined by densitometry. Density analysis showed a twofold increase in HA levels in Hoxb13 KO skin compared to WT skin. Std = standard marker lane. 
